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Translation terminates at stop codon. Without stop codon, ribosome cannot terminate
translation properly and reaches and stalls at the 3′-end of the mRNA lacking stop codon.
Bacterial tmRNA-mediated trans-translation releases such stalled ribosome and targets
the protein product to degradation by adding speciﬁc “degradation tag.” Recently two
alternative ribosome rescue factors, ArfA (YhdL) and ArfB (YaeJ), have been found in
Escherichia coli. These three ribosome rescue systems are different each other in terms of
molecular mechanism of ribosome rescue and their activity, but they are mutually related
and co-operate to maintain the translation system in shape. This suggests the biological
signiﬁcance of ribosome rescue.
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NON-PRODUCTIVE TRANSLATION COMPLEX FORMATION
UPON TRANSLATION OF THE mRNA LACKING STOP CODON
AND ITS RESOLUTION BY TRANS -TRANSLATION
Translation is terminated when translating ribosome encounters
in-frame stop codon. If mRNA lacks in-frame stop codon, trans-
lating ribosome cannot properly terminate translation. Such a
ribosome reaches the 3′-end of mRNA and forms non-productive
translation complex (NTC). Accumulation of NTC might be dele-
terious because it reduces active ribosomes which should be
utilized in translation of other genes. To cope with this, bacte-
rial cell is equipped with the ribosome rescue system which is
called trans-translation (for reviews, see Moore and Sauer, 2007;
Keiler, 2008; Hayes and Keiler, 2010; Barends et al., 2011; Janssen
and Hayes, 2012; Figure 1A). As mentioned somewhere in this
issue, trans-translation is the special type of translation mecha-
nism occurs only when NTC is formed. The bifunctional tmRNA
(SsrA RNA), which acts as both tRNA and mRNA, plays a key
role in trans-translation and resolves the NTC with the assistance
of speciﬁc partner protein SmpB (Keiler et al., 1996; Karzai et al.,
1999). This enables the utilization of the ribosome for anther
round of translation. At the same time, nascent polypeptide is
tagged with tmRNA-speciﬁc peptide sequence, called SsrA-tag, at
its C-terminus (Keiler et al., 1996). The polypeptide which has
SsrA-tag at its C-terminus is lead to the active degradation by
cellular proteases such as ClpXP, Lon, Tsp. Therefore, the SsrA-
tag is also called degradation tag. The polypeptide encoded by
non-stop mRNA is potentially harmful because it lacks the C-
terminal region which may have important role in the function of
the original protein. Considering this, addition of the SsrA-tag to
the released polypeptide makes sense because it accomplishes the
removal of potentially harmful truncated polypeptide.
Trans-translation also affects the fate of non-stop mRNA itself.
Non-stop mRNA is deleterious to the cell and should be degraded
as soon as it is produced for two reasons. First, it produces
potentially harmful truncated polypeptide. Second, it traps ribo-
some and prevent further usage of the ribosome for another round
of translation. On the other hand, NTC stabilizes non-stop mRNA
by protecting it from the attack of 3′–5′ exoribonucleases, major
ribonucleolytic factors in the bacterial cell. Thus, trans-translation
also acts to prevent the accumulation of non-stop mRNA in the
cells by resolving the NTC (Yamamoto et al., 2003).
Having three biologically important roles, ribosome res-
cue, protein quality control and mRNA quality control, trans-
translation may be of great importance to bacterial cells. Adding
to this, all the bacterial species whose genome were so far read
have ssrA gene (Moore and Sauer, 2007). This strongly supports
the importance of trans-translation.
ALTERNATIVE PATHWAY FOR RIBOSOME RESCUE
Besides the proposed biological signiﬁcance, tmRNA is dispens-
able in many bacterial species including Escherichia coli (Komine
et al., 1994). This suggested the existence of another ribosome
rescue system. The attempt to identify such system by genetic
screening was difﬁcult because it was “negative” screening. The
ﬁrst attempt to search for such factors was performed by Nakano
et al. (2001). They employed penicillin resistance screening and
isolated several mutants which caused the growth defect of the
E. coli cells in the absent of ssrA gene. The genes isolated in
their screening included hisS, rho, prs, and degP (htrA), but
none of them had the function related to the ribosome rescue.
Another screening was also attempted to ﬁsh out the gene that
is required for the growth of ssrA mutant cell (Ono et al., 2009).
In this case, the synthetic lethal screening originally developed
by Bernhardt and de Boer (2004) which is based on the insta-
bility of the mini-F plasmid lacking par locus was employed.
In the ﬁrst trial, degP was identiﬁed as a candidate. But the
DegP protease had nothing to do with ribosome rescue. Further
analyses revealed that the lack of trans-translation somehow
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FIGURE 1 | Schematic representation of ribosome rescue in E. coli.
(A) tmRNA (brown line)- and SmpB (blue circle)-mediated trans-
translation. In trans-translation, ribosome (orange ovals) switches its
translating template from non-stop mRNA (black line) to tmRNA. Then it
terminates translation at the stop codon (purple box) exist on the
tmRNA. Protein product will be degraded due to the SsrA-tag (shown
in brown) attached to the C-terminus. (B) ArfA-mediated ribosome
rescue. RF2 is indispensable in this pathway. tRNA enhances this
reaction by unknown mechanism. (C) ArfB-mediated ribosome rescue.
As a stop codon-independent RF homolog, ArfB binds to A-site of the
ribosome within NTC and hydrolyzes peptidyl-tRNA. Only the relevant
factors are shown.
enhances the temperature sensitive (ts) phenotype of the degP
mutant cell. This may involve the stress response pathway because
the enhanced ts phenotype of ssrA degP double mutant cell
was suppressed when RpoE activity was increased (Ono et al.,
2009).
To look for the translation factors which show the phenotype
in combination with ssrA mutation, the screening was repeated
and a mutant whose growth was dependent on tmRNA has been
obtained. This mutant cell had a base-substitution mutation in the
yhdL, the open reading frame (ORF) of 72 codons whose function
was not reported. The isolated A18T substitution of YhdL was
loss-of-functionmutation and the disruptionof yhdL gene showed
the same phenotype as A18T mutation. Genetic and biochemical
studies which will be described below showed that YhdL has a
ribosome rescuing activity and it was renamedArfA for alternative
ribosome rescue factor A (Chadani et al., 2010).
IN VIVO EVIDENCES FOR ArfA-MEDIATED RIBOSOME
RESCUE
Upon the simultaneous depletion of ArfA and tmRNA, E. coli cell
stopped growing and this growth inhibition was correlated with
the lowered level of translation (Chadani et al., 2010). SsrADD, the
tmRNA variant which attaches proteolysis-resistant mutant tag
instead of degradation tag during trans-translation, is known to
suppress the phenotype causedby the lack of tmRNA inmany cases
(Moore and Sauer, 2007; Keiler, 2008). This suggests that, of three
proposed roles mentioned above, ribosome rescue is the most
important role of trans-translation. SsrADD was shown to support
the growth of the cell lacking both ArfA and tmRNA, strongly
suggesting that ArfA is involved in ribosome rescue (Chadani
et al., 2010). Activity of ArfA as a ribosome rescue factor was
supported by the fact that the synthetic lethality of arfA and
ssrA was suppressed in the presence of sub-lethal concentration
of puromycin, the antibiotic reagent which inhibits translation.
Puromycin accepts nascent polypeptide in the A-site of actively
translating ribosome as an aminoacyl-tRNA mimic and irreg-
ularly terminates translation. As a result, translation complex
composed of ribosome, mRNA, tRNAs, and other translation fac-
tors, is resolved. Suppression of the synthetic lethality of arfA
and ssrA by puromycin was explained as a result of resolution of
NTC formed at the 3′-end of non-stop mRNA (Chadani et al.,
2010).
Direct evidence for ribosome rescue activity of ArfA was
obtained by using artiﬁcially constructed model gene which has
intrinsic transcription terminatorwithin itsORF. It produces non-
stop mRNA in vivo (Keiler et al., 1996). NTC formed at the 3′-end
of such non-stop model mRNA is resolved by trans-translation
system and the translation product (non-stop polypeptide here-
after) is lead to rapid degradation because of the degradation
tag at its C-terminus. However, upon ArfA overexpression,
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non-stop polypeptide was detected. At the same time, non-stop
mRNA level was reduced. Reduction of non-stop mRNA was
explained as a result of the resolution of NTC which protected
the non-stop mRNA from degradation by RNases. Conversely, in
arfA background, the non-stop polypeptide was greatly reduced.
These results suggested that ArfA rescues the ribosome stalled
at the 3′-end of non-stop mRNA in the manner distinct from
trans-translation (Chadani et al., 2010; Figure 1B).
BIOCHEMICAL FEATURES OF ArfA
As a ribosome rescue factor, ArfA was likely to bind to ribo-
some and this was shown to be the case by several biochemical
analyses. From the cell lysate, ribosome was pulled down with
ArfA. Moreover, ArfA was detected in the ribosome-containing
P100 fraction. These suggested that ArfA interacts with ribo-
some. Interestingly, A18T mutant of ArfA was also detected
in P100 fraction, suggesting that A18T mutation has its effect
on the function other than ribosome binding. Sucrose gradi-
ent analysis showed ArfA co-migrated with the large subunit of
ribosome, suggesting that ArfA binds to the large subunit of ribo-
some (Chadani et al., 2010). Cross-linking experiment revealed
the close proximity of ArfA and numbers of 50S ribosomal pro-
teins, supporting the observation above. However, the positions of
ribosomal proteins cross-linked with ArfA on the ribosome were
relatively dispersed and the precise binding site of ArfA could not
be determined (Chadani and Abo, unpublished result). High pI
(predicted to be 10.29) of ArfA may contribute to the ribosome
binding.
IN VITRO ANALYSES OF RIBOSOME RESCUE
Because arfA and ssrA were synthetically lethal, ribosome rescue
activity of ArfA could not be assessed further in vivo. Fortunately,
this was accomplished using in vitro translation system. Hanes and
Plückthun (1997) have reported that trans-translation activity in
the S30 lysate canbe blockedbyoligodeoxyribonucleotide comple-
mentary to the part of tmRNA including its mRNA-like domain
(MLD; anti-SsrA oligo). The situation of the double depletion
of tmRNA and ArfA activities was achieved by adding anti-SsrA
oligo to the S30 lysate prepared from arfA-defective E. coli cell
(Chadani et al., 2010). NTC formed at the 3′-end of non-stop
mRNA contains peptidyl-tRNA, and could be assessed by analyz-
ing the peptidyl-tRNA in the translation reaction using neutral
SDS-PAGE. Similar situation could be achieved by using reconsti-
tuted PUREsystem (Kuroha et al., 2009). Using these techniques,
more detailed analyses of ribosome rescue were performed (see
below).
IDENTIFICATION OF THE THIRD RIBOSOME RESCUE FACTOR
IN E. coli
Another ribosome rescue factor ArfB was isolated through the
multicopy suppressor screening for arfA ssrA synthetic lethality.
From this screening, yaeJ gene was found to support the growth
of the E. coli cell simultaneously lacking ssrA and arfA genes, when
its protein product was overexpressed from multicopy plasmid.
This suggested that the YaeJ protein was the third ribosome-
rescue factor. Indeed, analysis of in vivo expressed model non-stop
construct revealed that YaeJ competed with tmRNA-mediated
trans-translation upon overexpression as ArfA did. The YaeJ pro-
tein, when added to in vitro translation reaction lacking both
trans-translation activity and ArfA activity, enhanced the release
of nascent-peptide from NTC. Sucrose gradient analysis revealed
that the YaeJ protein bound to the ribosome. The same anal-
ysis also showed that the peptidyl-tRNA disappeared from the
ribosome-containing fraction and the mRNA in the same fraction
was reduced, strongly indicating that YaeJ resolved NTC in vitro.
Being the third ribosome rescue factor, yaeJ was renamed arfB
for alternative ribosome rescue factor B (Chadani et al., 2011a;
Figure 1C).
STRUCTURAL FEATURES OF ArfB
The ArfB protein has been known to be a class I release fac-
tor homolog having a Gly-Gly-Gln (GGQ) motif, the critical
motif for the hydrolytic cleavage of peptidyl-tRNA (Frolova et al.,
1999; Scarlett et al., 2003; Youngman et al., 2008). Mutant ArfB
which has Gly-Ala-Gln (GAQ) sequence instead of the GGQ
motif retained the ribosome-binding activity, but did not enhance
the cleavage of the bond between nascent peptide and tRNA
of peptidyl-tRNA in S30 translation reaction (Chadani et al.,
2011a; Handa et al., 2011). This strongly suggested that ArfB
hydrolyzedpeptidyl-tRNAwithinNTCdepending theGGQmotif.
ArfB may act as stop codon-independent RF homolog to rescue
ribosome.
As class I release factor homolog,ArfB attracted the researchers’
interest, especially in structural biology ﬁeld. The structure of the
ArfB protein has been solved to be very similar to authentic class
I release factors RF1 and RF2. Based on this observation, Handa
et al. (2011) also showed its ribosome rescue activity. ArfB has
long unstructured tail at its C-terminus. Truncated ArfB lacking
itsC-terminal tail couldnot support the growthof arfA ssrAdouble
mutant cell, suggesting it is important forArfB-mediated ribosome
rescue. The ﬁne structure of ArfB bound to the ribosome was
revealed and it was suggested the C-terminal tail of ArfB lies in the
mRNA path downstream of the 30S A-site (Gagnon et al., 2012).
Mutational analysis revealed the important residues within the
C-terminal tail of ArfB (Kogure et al., 2014).
The YaeJ homologs were also identiﬁed in human mitochon-
drial proteins. Among them was the ICT-1 protein, which closely
linked to the human mitochondrial disease (Handa et al., 2010;
Richter et al., 2010). In vitro analysis conﬁrmed its ribosome-
rescue activity (Richter et al., 2010). Existence of RF-homologs,
presumably included in ribosome rescue, suggests the signiﬁ-
cance of ribosome rescue irrespective of the kingdom. There
exist other RF homologs in mitochondria whose activity and
function is still not known. It may be possible that the mito-
chondrial translation system has more than one ribosome rescue
pathway.
MOLECULAR MECHANISMS OF ArfA- and ArfB-MEDIATED
RIBOSOME RESCUE
Both ArfA and ArfB resolved the NTC formed at the 3′-end of
artiﬁcially designed non-stop mRNA in the S30 lysate or the
PUREsystem. However, when the NTC was isolated from trans-
lation reaction prior to ArfA- or ArfB-treatment, the result was
different. ArfB could resolve the isolated NTC,whereas ArfA could
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not (Chadani et al., 2011a; Shimizu, 2012). Being RF homolog,
ArfB might resolve the NTC by hydrolyzing peptidyl-tRNA in it
(Chadani et al., 2011a; Handa et al., 2011). On the other hand,
ArfA does not have GGQ motif which is the critical motif for
hydrolysis of peptidyl-tRNA within ribosome. This lead to the
assumption thatArfA required some factor(s) present in the S30 or
PUREsystem translation reaction. To seewhat is required forArfA-
mediated ribosome rescue, each translation factor was checked
for the ability to support ArfA-mediated resolution of the iso-
lated NTC. By this simple screening, RF2 appeared to be the factor
(Chadani et al., 2012; Shimizu, 2012). RF2 mutant whose GGQ
motif was disrupted could not promote ArfA-pathway, suggest-
ing that RF2 hydrolyzes peptidyl-tRNA with its GGQ motif in
ArfA-mediated ribosome rescue. The amino acid residues directly
involved in the stop codon recognition of RF2 was not critical for
ArfA-mediated ribosome rescue (Chadani et al., 2012). It has been
proposed that RF2 participates in ribosome rescue to some extent
(Zaher and Green, 2009; Vivanco-Domínguez et al., 2012). ArfA
may enhance this activity, presumably by recruiting RF2 to the
A-site of stalled ribosome. Based on these observations, molecular
mechanism of the ArfA-mediated ribosome rescue was illustrated
as follows. First, ArfA somehow binds to the ribosome stalled
at the 3′-end of non-stop mRNA. Then RF2 is recruited to the
A-site of the stalled ribosome and hydrolyze the peptidyl-tRNA
with its GGQ motif. How RF2 is recruited to the A-site of stalled
ribosome by ArfA is still unclear. Interestingly, addition of tRNA
molecules to the reaction enhancedArfA- and RF2-mediated ribo-
some rescue activity. Considering that both tRNAs and class 1 RFs
bind to the A-site to function, they may not function at the same
time in ArfA-mediated ribosome rescue. It is much more proba-
ble that tRNA and RF2 functions sequentially. One possibility is
that tRNAs somehow enhance the binding of ArfA to the A-site
of the ribosome within the NTC, for example, by binding to the
ribosome E-site (Chadani et al., 2012; Pech and Nierhaus, 2012).
trans-translation, ArfA pathway, and ArfB pathway have dis-
tinct target speciﬁcity, which may reﬂect the difference in the
molecular mechanisms in rescuing ribosome. trans-translation
occurs not only when ribosome stalled at the 3′-end of non-stop
mRNA, but also when ribosome stalled within the mRNA (Janssen
et al., 2013). Shimizu (2012) has shown that ArfA-mediated ribo-
some rescue needs unoccupied A-site, whereas ArfB can function
on the stalled ribosome having mRNA in its A-site in vitro. This
suggests that each ribosome rescue system has its own case to deal
with, and they work together to keep the translation system in
shape.
TRANS -TRANSLATION-MEDIATED STRICT REGULATION OF
ArfA EXPRESSION
ArfA is encoded as 72 a.a. protein on the E. coli genome (Figure 2).
However, it was shown that ArfA was expressed from the non-
stop mRNA. Nested deletion analysis showed that the 3′-region
of arfA ORF had negative effect to the expression of arfA mRNA
and ArfA protein (Chadani et al., 2011b). There were inverted
repeat in the region and arfA mRNA could form stem-loop struc-
ture with some mismatches. This feature was commonly seen
among the knownRNase III cleavage sites (Régnier andGrunberg-
Manago, 1990). When synonymous mutations which destabilize
this stem-loop structure were introduced to the arfA ORF, level of
arfA mRNA (named stem1 mutant) dramatically increased. Dis-
ruption of rnc, the gene coding for RNase III, gave a similar result.
These strongly indicated that the stem-loop structure formed in
the 3′-region was recognized and cleaved by RNase III, resulting
in the formation of arfA non-stop mRNA (Chadani et al., 2011b;
Garza-Sánchez et al., 2011). The RNase III cleavage site within
arfA mRNA was mapped to the stem region by ligation-mediated
RT-PCR.
Being non-stop mRNA, arfA mRNA is targeted by tmRNA-
mediated trans-translation. This means that the protein product,
C-terminally truncated ArfA, is SsrA-tagged and degraded in
the cell. Indeed, truncated arfA mRNA and ArfA protein were
increased in ssrA background. Moreover, in the presence of
SsrADD, DD-tagged truncated ArfA was detected. This indicated
that ArfA expression was repressed post-transcriptionally by the
mechanism involving trans-translation. Mass spectrum analysis
has shown that the C-termini of DD-tagged and untagged ArfA
proteins match the RNase III cleavage site (Chadani et al., 2011b).
Regulation of ArfA expression by trans-translation was shown
to be strict. Even in the absence of RNase III, truncated arfAmRNA
was detected. The 3′-end of this short mRNA was mapped just
downstream of the inverted repeat. This was reasoned to be the
result of premature transcription termination at the stem-loop
structure. Adding to this, the full length ArfA protein produced
from stem1 mutant arfA was unstable. Introducing two successive
aspartates at the C-terminus of ArfA dramatically stabilized this
protein. Considering that full-lengthArfA has highly hydrophobic
region at its C-terminus, it was suggested that the ArfA protein
was degraded by the proteases which recognize hydrophobic C-
terminal region (Parsell et al., 1990; Chadani et al., 2011b).
From these results, the strict regulation of ArfA by
the mechanism containing non-stop mRNA production and
trans-translation-mediated protein degradation was illustrated
(Figure 2). Regardless of premature transcription termination,
arfA transcripts are cleaved by RNase III at the stem-loop struc-
ture. This cleavage makes arfA mRNA non-stop which would be
targeted by trans-translation. This results in shutting out of ArfA
expression. Some part of arfA transcripts may escape from both
premature termination and RNase III cleavage. But the result-
ing “full-length” ArfA is susceptible to the degradation by cellular
proteases. So, if trans-translation is active enough, ArfA expres-
sion is strictly repressed. On the other hand, if the overall non-stop
mRNA is beyond the capacity of trans-translation, certain amount
of theNTC formed at the 3′-end of arfAnon-stopmRNAwould be
left unresolved. SuchNTCmight be rescuedbyArfAwhich escaped
from proteolysis or ArfB, both of which rescues stalled ribosome
without leading the nascent truncated polypeptides to degrada-
tion. C-terminally truncated ArfA is active in terms of ribosome
rescue activity. Once produced, truncated but active ArfA res-
cues stalled ribosomes. Such ribosomes include that stalled at arfA
non-stop mRNA.As a result, ArfA level would rapidly increase and
the NTCs accumulated in the cell would be resolved. This novel
strict regulation system involving trans-translation is rational for
the biological role of ArfA as a back-up ribosome rescue system.
Moreover, arfA represents the ﬁrst gene shown to be expressed
as a non-stop mRNA in regular state and regulated strictly by
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FIGURE 2 | Model for trans-translation-mediated regulationofArfA
expression. arfA is transcribed asmRNAwith (A) orwithout (B) stop codon. In
both cases,mRNA is cleaved byRNase III at the site indicated by triangle.This
results in the non-stopmRNA formation.ArfA translated from arfAmRNAwith
stop codon (A, bottom)will be degraded due to its hydrophobic C-terminus (red
box).Translation of arfA non-stopmRNAs (A, top;B) results inNTC formation.
TheNTC is normally resolved by trans-translation and translatedArfAwill be
degraded due to the SsrA-tag (closed box) attached to its C-terminus.Once the
level of NTCexceeds the capacity of trans-translation, NTCwill be resolved ﬁrst
by SsrA-taggedArfA escaped fromproteolysis orArfB, then by truncatedArfA
which is produced fromnon-stopmRNA (C). ArfA thus produced functions as a
back-up ribosome rescue factor for trans-translation system.Amino acid
sequence ofArfA is shown at the bottom. Positions corresponding to the
inverted repeat (arrows) andRNase III cleavage site (triangle) are shownbelow
the sequence.ArfA produced from theRNase III-processed arfAmRNA lacks its
C-terminus portionwhich shown in gray characters.
trans-translation. It has been reported that Bacillus subtilis KinA
is also expressed as non-stop mRNA, but it was because of the
accidental recombination (Kobayashi et al., 2008).
CONCLUSION: SIGNIFICANCE OF RIBOSOME RESCUE IN
E. coli
It has been shown that E. coli cells are equipped with at least three
ribosome rescue systems. This suggests that the accumulation of
NTC is deleterious to the cells. The three systems look different in
their role in ribosome rescue. According to the model, tmRNA-
mediated trans-translation is a major ribosome rescue system
(Figure 2). As mentioned above, this system simultaneously
rescues the ribosome and leads the nascent polypeptides to degra-
dation. Though latter seems not as important as former property,
as judged by the fact that SsrADD can support the growth of the
cell, degradation of potentially harmful truncated polypeptides
may have some advantage (see below). Once the level of non-stop
mRNA exceeds the capacity of trans-translation, another ribo-
some rescue factor ArfA is expressed andArfB-mediated ribosome
rescue may be required for early stage of ArfA expression. These
three systems may cooperate as a fail-safe mechanism to maintain
the sound translation system (Figure 3).
Though ssrA-deﬁcientE. coli cell has been shown to have several
phenotypes, it is basically viable, except for the extreme situa-
tions such as high temperature (Komine et al., 1994), presence
of several antibiotics (Abo et al., 2002; Luidalepp et al., 2005) or
amino-acid starvation (Li et al., 2008). On the other hand, it is
known that trans-translation-mediated ribosome rescue is essen-
tial in Neisseria gonorrhoeae (Huang et al., 2000). Recently, Shigella
ﬂexneri has been also shown to require tmRNA (Ramadoss et al.,
2013). Blast search showed these bacteria do not have the protein
which shows signiﬁcant homologywithE. coliArfA (Chadani et al.,
2010; Ramadoss et al., 2013). Lack of the alternative ribosome
rescue system may be the reason why trans-translation system is
essential for them. The lethal phenotype of tmRNA depletion in
N. gonorrhoeae and S. ﬂexneri were suppressed by SsrADD and
E. coli ArfA, respectively, suggesting the importance of ribosome
rescue in bacteria.
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FIGURE 3 | Biological significance of ribosome rescue. Non-stop mRNA is
produced either by immature transcription or degradation of mature mRNA
and causes NTC formation when translated. E. coli cell is equipped with at
least three ribosome rescue systems mediated by tmRNA–SmpB complex,
ArfA, or ArfB. In either case, NTC is resolved and rescued ribosome can be
utilized in another round of translation.
As mentioned above, ssrA-deﬁcient E. coli cell shows ts phe-
notype (Komine et al., 1994). Adding to this, disruption of ssrA
enhances the ts phenotype of degP-deﬁcient E. coli cell (Ono
et al., 2009). This enhanced ts phenotype was suppressed by
the overexpression of RpoE, the stress-response sigma factor.
ArfA was present in both cases and SsrADD could not sup-
press the ts phenotype of the ssrA degP double mutant (Ono
et al., 2009). This suggests that protein quality control at ele-
vated temperature is critical to bacterial cells. This ﬁts the
proposed role of ArfA as a back-up system for trans-translation,
which has both protein quality control and ribosome rescue
functions.
Ribosome stalling occurs not only at the 3′-end of non-stop
mRNA but also within ORF (for recent review, see Giudice and
Gillet, 2013). In some cases, stalled ribosomes would resume
the translation by the pathway involving the factors such as
EF4 (Pech et al., 2011) or EF-P (Doerfel et al., 2013; Ude et al.,
2013). Alternatively, they will be released by spontaneous drop-
off from the mRNA or subjected to A-site cleavage by nucleases
such as RelE (Christensen and Gerdes, 2003), MazF (Chris-
tensen et al., 2003), or RNase II (Garza-Sánchez et al., 2009).
In former case, peptidyl-tRNA will be resolved by peptidyl-
tRNA hydrolase (Pth; Singh et al., 2008). In latter case, ribo-
somes will be rescued by trans-translation, ArfA pathway, or
ArfB pathway. It is interesting if deﬁciency or dysfunction of
these factors have something to do with the reported SsrA-
depletion-related ts phenotype of E. coli or lethal phenotype of
N. gonorrhoeae.
There are several problems to be answered. The molecular
mechanism of ArfA- and RF2-mediated ribosome rescue is still
unknown. Structural analysis of ArfA might shed light to this.
Also, ArfA is distributed only in E. coli and closely related bacte-
ria. Whether similar mechanisms exist in other species or not is
another important question.
REFERENCES
Abo, T., Ueda, K., Sunohara, T., Ogawa, K., and Aiba, H. (2002). SsrA-mediated
protein tagging in the presence of miscoding drugs and its physiological role
in Escherichia coli. Genes Cells 7, 629–638. doi: 10.1046/j.1365-2443.2002.
00549.x
Barends, S., Kraal, B., and van Wezel, G. P. (2011). The tmRNA-tagging mechanism
and the control of gene expression: a review. Wiley Interdiscip. Rev. RNA 2,
233–246. doi: 10.1002/wrna.48
Bernhardt, T. G., and de Boer, P. A. (2004). Screening for synthetic lethal mutants
in Escherichia coli and identiﬁcation of EnvC (YibP) as a periplasmic septal
ring factor with murein hydrolase activity. Mol. Microbiol. 52, 1255–1269. doi:
10.1111/j.1365-2958.2004.04063.x
Chadani, Y., Ito, K., Kutsukake, K., and Abo, T. (2012). ArfA recruits release factor 2
to rescue stalled ribosomes by peptidyl-tRNA hydrolysis in Escherichia coli. Mol.
Microbiol. 86, 37–50. doi: 10.1111/j.1365-2958.2012.08190.x
Chadani, Y., Ono, K., Kutsukake, K., and Abo, T. (2011a). Escherichia coli YaeJ
protein mediates a novel ribosome-rescue pathway distinct from SsrA- and
ArfA-mediated pathways. Mol. Microbiol. 80, 772–785. doi: 10.1111/j.1365-
2958.2011.07607.x
Chadani, Y., Matsumoto, E., Aso, H., Wada, T., Kutsukake, K., Sutou, S., et al.
(2011b). trans-translation-mediated tight regulation of the expression of the
alternative ribosome-rescue factor ArfA in Escherichia coli. Genes Genet. Syst.
86, 151–163. doi: 10.1266/ggs.86.151
Chadani, Y., Ono, K., Ozawa, S., Takahashi, Y., Takai, K., Nanamiya, H., et al.
(2010). Ribosome rescue by Escherichia coli ArfA (YhdL) in the absence of
trans-translation system. Mol. Microbiol. 78, 796–808. doi: 10.1111/j.1365-
2958.2010.07375.x
Christensen, S. K., and Gerdes, K. (2003). RelE toxins from bacteria and Archaea
cleave mRNAs on translating ribosomes, which are rescued by tmRNA. Mol.
Microbiol. 48, 1389–1400. doi: 10.1046/j.1365-2958.2003.03512.x
Christensen, S. K., Pedersen, K., Hansen, F. G., and Gerdes, K. (2003). Toxin-
antitoxin loci as stress-response-elements: ChpAK/MazF and ChpBK cleave
translated RNAs and are counteracted by tmRNA. J. Mol. Biol. 332, 809–819.
doi: 10.1016/S0022-2836(03)00922-7
Doerfel, L. K., Wohlgemuth, I., Kothe, C., Peske, F., Urlaub, H., and Rodnina, M.
V. (2013). EF-P is essential for rapid synthesis of proteins containing consecutive
proline residues. Science 339, 85–88. doi: 10.1126/science.1229017
Frolova, L. Y., Tsivkovskii, R. Y., Sivolobova, G. F., Oparina, N. Y., Serpinsky, O.
I., Blinov, V. M., et al. (1999). Mutations in the highly conserved GGQ motif
of class 1 polypeptide release factors abolish ability of human eRF1 to trigger
peptidyl-tRNA hydrolysis. RNA 5, 1014–1020. doi: 10.1017/S135583829999043X
Frontiers in Microbiology | Microbial Physiology and Metabolism April 2014 | Volume 5 | Article 156 | 6
Abo and Chadani Alternatives to trans-translation
Gagnon, M. G., Seetharaman, S. V., Bulkley, D., and Steitz, T. A. (2012). Structural
basis for the rescue of stalled ribosomes: structure of YaeJ bound to the ribosome.
Science 335, 1370–1372. doi: 10.1126/science.1217443
Garza-Sánchez, F., Schaub, R. E., Janssen, B. D., and Hayes, C. S. (2011). tmRNA
regulates synthesis of the ArfA ribosome rescue factor. Mol. Microbiol. 80, 1204–
1219. doi: 10.1111/j.1365-2958.2011.07638.x
Garza-Sánchez, F., Shoji, S., Fredrick, K., and Hayes, C. S. (2009). RNase II is
important for A-site mRNA cleavage during ribosome pausing. Mol. Microbiol.
73, 882–897. doi: 10.1111/j.1365-2958.2009.06813.x
Giudice, E., and Gillet, R. (2013). The task force that rescues stalled ribosomes in
bacteria. Trends Biochem. Sci. 38, 403–411. doi: 10.1016/j.tibs.2013.06.002
Handa, Y., Hikawa, Y., Tochio, N., Kogure, H., Inoue, M., Koshiba, S., et al.
(2010). Solution structure of the catalytic domain of the mitochondrial pro-
tein ICT1 that is essential for cell vitality. J. Mol. Biol. 404, 260–273. doi:
10.1016/j.jmb.2010.09.033
Handa, Y., Inaho, N., and Nameki, N. (2011). YaeJ is a novel ribosome-associated
protein in Escherichia coli that can hydrolyze peptidyl-tRNA on stalled ribosomes.
Nucleic Acids Res. 39, 1739–1748. doi: 10.1093/nar/gkq1097
Hanes, J., and Plückthun, A. (1997). In vitro selection and evolution of functional
proteins by using ribosome display. Proc. Natl. Acad. Sci. U.S.A. 94, 4937–4942.
doi: 10.1073/pnas.94.10.4937
Hayes, C. S., and Keiler, K. C. (2010). Beyond ribosome rescue:
tmRNA and co-translational processes. FEBS Lett. 584, 413–419. doi:
10.1016/j.febslet.2009.11.023
Huang, C., Wolfgang, M. C., Withey, J., Koomey, M., and Friedman, D. I. (2000).
Charged tmRNA but not tmRNA-mediated proteolysis is essential for Neisseria
gonorrhoeae viability. EMBO J. 19, 1098–1107. doi: 10.1093/emboj/19.5.1098
Janssen, B. D., Garza-Sánchez, F., and Hayes, C. S. (2013). A-site mRNA cleavage
is not required for tmRNA-mediated ssrA-peptide tagging. PLoS ONE 8:e81319.
doi: 10.1371/journal.pone.0081319
Janssen, B. D., and Hayes, C. S. (2012). The tmRNA ribosome-rescue system.
Adv. Protein Chem. Struct. Biol. 86, 151–191. doi: 10.1016/B978-0-12-386497-0.
00005-0
Karzai, A., Susskind,M., and Sauer, R. (1999). SmpB, a unique RNA-binding protein
essential for the peptide-tagging activity of SsrA (tmRNA). EMBO J. 18, 3793–
3799. doi: 10.1093/emboj/18.13.3793
Keiler, K. C. (2008). Biology of trans-translation. Annu. Rev. Microbiol. 62, 133–151.
doi: 10.1146/annurev.micro.62.081307.162948
Keiler, K. C.,Weller, P. R., and Sauer, R. T. (1996). Role of a peptide tagging system in
degradation of protein synthesized from damaged messenger RNA. Science 271,
990–993. doi: 10.1126/science.271.5251.990
Kobayashi, K., Kuwana, R., and Takamatsu, H. (2008). kinA mRNA is missing a stop
codon in the undomesticated Bacillus subtilis strain ATCC 6051. Microbiology
154, 54–63. doi: 10.1099/mic.0.2007/011783-0
Kogure, H., Handa, Y., Nagata, M., Kanai, N., Güntert, P., Kubota, K., et al.
(2014). Identiﬁcation of residues required for stalled-ribosome rescue in the
codon-independent release factor YaeJ. Nucleic Acids Res. 42, 3152–3163. doi:
10.1093/nar/gkt1280
Komine, Y., Kitabatake, M., Yokogawa, T., Nishikawa, K., and Inokuchi, H.
(1994). A tRNA-like structure is present in 10Sa RNA, a small stable RNA from
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 91, 9223–9227. doi: 10.1073/pnas.91.
20.9223
Kuroha, K., Horiguchi, N., Aiba, H., and Inada, T. (2009). Analysis of nonstop
mRNA translation in the absence of tmRNA in Escherichia coli. Genes Cells 14,
739–749. doi: 10.1111/j.1365-2443.2009.01304.x
Li, X., Yogi, M., Morita, T., and Aiba, H. (2008). Cleavage of mRNAs and role of
tmRNA system under amino acid starvation in Escherichia coli. Mol. Microbiol.
68, 462–473. doi: 10.1111/j.1365-2958.2008.06167.x
Luidalepp, H., Hallier, M., Felden, B., and Tenson, T. (2005). tmRNA decreases the
bacterial activity of aminoglycosides and susceptibility to inhibitors of cell wall
synthesis. RNA Biol. 2, 70–74. doi: 10.4161/rna.2.2.2020
Moore, S. D., and Sauer, R. T. (2007). The tmRNA system for translational
surveillance and ribosome rescue. Annu. Rev. Biochem. 76, 101–124. doi:
10.1146/annurev.biochem.75.103004.142733
Nakano, H., Goto, S., Nakayashiki, T., and Inokuchi, H. (2001). Temperature-
sensitive mutations in various genes of Escherichia coli K12 can be suppressed by
the ssrA gene for 10Sa RNA (tmRNA). Mol. Genet. Genomics 265, 615–621. doi:
10.1007/s004380100453
Ono, K., Kutsukake, K., and Abo, T. (2009). Suppression by enhanced RpoE activ-
ity of the temperature-sensitive phenotype of a degP ssrA double mutant in
Escherichia coli. Genes Genet. Syst. 84, 15–24. doi: 10.1266/ggs.84.15
Parsell, D. A., Silber, K. R., and Sauer, R. T. (1990). Carboxy-terminal determinants
of intracellular protein degradation. Genes Dev. 4, 277–286. doi: 10.1101/gad.4.
2.277
Pech, M., Karim, Z., Yamamoto, H., Kitakawa, M., Qin, Y., and Nierhaus,
K. H. (2011). Elongation factor 4 (EF4/LepA) accelerates protein synthesis at
increased Mg2+ concentrations. Proc. Natl. Acad. Sci. U.S.A. 108, 3199–3203.
doi: 10.1073/pnas.1012994108
Pech, M., and Nierhaus, K. H. (2012). Three mechanisms in Escherichia coli rescue
ribosomes stalled on non-stop mRNAs: one of them requires release factor 2.
Mol. Microbiol. 86, 6–9. doi: 10.1111/j.1365-2958.2012.08207.x
Ramadoss, N. S., Zhou, X., and Keiler, K. C. (2013). tmRNA is essential in Shigella
ﬂexneri. PLoS ONE 8:e57537. doi: 10.1371/journal.pone.0057537
Régnier, P., and Grunberg-Manago, M. (1990). RNase III cleavages in non-
coding leaders of Escherichia coli transcripts control mRNA stability and
genetic expression. Biochimie 72, 825–834. doi: 10.1016/0300-9084(90)
90192-J
Richter, R., Rorbach, J., Pajak, A., Smith, P. M., Wessels, H. J., Huynen,
M. A., et al. (2010). A functional peptidyl-tRNA hydrolase, ICT1, has been
recruited into the human mitochondrial ribosome. EMBO J. 29, 1116–1125.
doi: 10.1038/emboj.2010.14
Scarlett, D. J., McCaughan, K. K., Wilson, D. N., and Tate, W. P. (2003). Mapping
functionally important motifs SPF and GGQ of the decoding release factor RF2
to the Escherichia coli ribosome by hydroxyl radical footprinting. Implications
for macromolecular mimicry and structural changes in RF2. J. Biol. Chem. 278,
15095–15104. doi: 10.1074/jbc.M211024200
Shimizu, Y. (2012). ArfA recruits RF2 into stalled ribosomes. J. Mol. Biol. 423,
624–631. doi: 10.1016/j.jmb.2012.08.007
Singh, N. S., Ahmad, R., Sangeetha, R., and Varshney, U. (2008). Recycling of
ribosomal complexes stalled at the step of elongation in Escherichia coli. J. Mol.
Biol. 380, 451–464. doi: 10.1016/j.jmb.2008.05.033
Ude, S., Lassak, J., Starosta, A. L., Kraxenberger, T., Wilson, D. N., and
Jung, K. (2013). Translation elongation factor EF-P alleviates ribosome
stalling at polyproline stretches. Science 339, 82–85. doi: 10.1126/science.122
8985
Vivanco-Domínguez, S., Bueno-Martínez, J., León-Avila, G., Iwakura, N., Kaji, A.,
Kaji, H., et al. (2012). Protein synthesis factors (RF1, RF2, RF3, RRF, and tmRNA)
and peptidyl-tRNA hydrolase rescue stalled ribosomes at sense codons. J. Mol.
Biol. 417, 425–439. doi: 10.1016/j.jmb.2012.02.008
Yamamoto, Y., Sunohara, T., Jojima, K., Inada, T., and Aiba, H. (2003).
SsrA-mediated trans-translation plays a role in mRNA quality control by facil-
itating degradation of truncated mRNAs. RNA 9, 408–418. doi: 10.1261/rna.
2174803
Youngman, E. M., McDonald, M. E., and Green, R. (2008). Peptide release
on the ribosome: mechanism and implications for translational control.
Annu. Rev. Microbiol. 62, 353–373. doi: 10.1146/annurev.micro.61.080706.
093323
Zaher, H. S., and Green, R. (2009). Quality control by the ribosome following
peptide bond formation. Nature 457, 161–166. doi: 10.1038/nature07582
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 20 December 2013; accepted: 24 March 2014; published online: 10 April
2014.
Citation: Abo T and Chadani Y (2014) The fail-safe system to rescue the stalled
ribosomes in Escherichia coli. Front. Microbiol. 5:156. doi: 10.3389/fmicb.2014.00156
This article was submitted to Microbial Physiology and Metabolism, a section of the
journal Frontiers in Microbiology.
Copyright © 2014 Abo and Chadani. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
www.frontiersin.org April 2014 | Volume 5 | Article 156 | 7
